List of Figures

List of Tables
. Full Condensing Heat Recovery Energy Available from a Medium Temperature Refrigeration System using R-407A (Royal 2010 
Goals and Objectives
The objective of this project was to determine the potential energy savings associated with improved utilization of waste heat from supermarket refrigeration systems. Existing and advanced strategies for waste heat recovery in supermarkets were analyzed, including options from advanced sources such as combined heat and power (CHP), micro-turbines and fuel cells.
Motivation and Benefits of Waste Heat Utilization
Retail food stores and supermarkets operate their refrigeration systems continuously to maintain proper food storage conditions within their refrigerated display cases and storage areas. The continual operation of this equipment accounts for approximately 50% of the total electrical energy consumption of a typical supermarket (Westphalen, et al. 1996) . Furthermore, a significant amount of waste heat is rejected by the condensers of supermarket refrigeration systems. Unfortunately, this waste heat is of low quality, meaning that its temperature is low. Thus, practical uses of waste heat from supermarket refrigeration systems are typically limited to space heating and water heating.
In an effort to more effectively utilize waste heat, the temperature of the waste heat may be increased, to a limited degree, by raising the condensing pressure of the refrigeration system. However, studies have shown that raising the condensing pressure to achieve higher quality waste heat uses more energy than it saves. Reasons cited include poorly designed heat recovery systems and a lack of sophistication in the control systems for the refrigeration and HVAC systems (Arias and Lundqvist 2006) .
Recently, several researchers have attempted to more effectively utilize the waste heat from supermarket refrigeration systems using various other techniques. Use of waste heat to drive heat pumps for space heating and/or cooling has been proposed. In addition, waste heat may be used to preheat the regeneration air flow used in solid desiccant adsorption dehumidification systems or to preheat the liquid desiccant in absorption dehumidification systems.
More advanced supermarket energy systems include the use of trigeneration or combined cooling, heat and power (CCHP) to efficiently produce power, cooling and heating. Fuel cell technology is also being used in a limited number of supermarkets in order to efficiently generate electrical power and to effectively utilize the resulting waste heat.
Outline of Draft Report
This report presents a review of waste heat recovery from supermarket refrigeration systems and describes the current application of heat recovery in supermarket applications. In addition, this report presents case studies and information regarding the utilization of advanced sources of waste heat such as combined heat and power (CHP) and fuel cells.
The following outline summarizes the remaining content of this report.
 Section 3, Amount of Waste Heat Available from Refrigeration Systems
The types of heat recovery, i.e., desuperheating heat recovery and full condensing heat recovery, are discussed. In addition, examples are given to illustrate the amount of heat which can be obtained from medium-and low-temperature refrigeration systems of typical supermarkets and big box retail stores.
 Section 4, Methods and Applications of Heat Recovery
A summary of supermarket refrigeration system heat recovery methods and applications is given. The heat recovery methods and applications discussed in Section 3 include heat pumps, desiccant regeneration, trigeneration and fuel cells.
 Section 5, Discussion
The suitability of the various heat recovery methods and applications discussed in Section 3 with regard to supermarkets is discussed.
 Section 6, Conclusions
Conclusions and recommendations regarding waste heat recovery from supermarket refrigeration systems are given.
Amount of Waste Heat Available from Refrigeration Systems
The waste heat recovered from a commercial refrigeration system typically consists of either only the heat which is required to desuperheat the compressor discharge gas, or both the heat required to desuperheat the discharge gas as well as the heat required to condense the refrigerant from a saturated vapor to a saturated liquid. The waste heat from the former is known as desuperheating waste heat while that from the latter is known as full condensing waste heat. Less waste heat is recovered through only desuperheating as compared to full condensing, however the quality of the heat recovered by only desuperheating is higher, i.e., the temperature of the waste heat from desuperheating is higher than that obtained from full condensing.
The quality and quantity of waste heat available for recovery depends upon the operation of the refrigeration system. The temperature of the compressor discharge gas determines the quality of the waste heat. This temperature in turn is dependent upon the temperature of the return gas at the compressor suction header. The compressor discharge temperature is also affected by the saturated condensing temperature. As the condensing temperature decreases, the discharge temperature decreases. The optimum conditions for operating the refrigeration system, i.e., operating at the highest suction pressure and lowest condensing pressure, leads to the minimum amount of available waste heat. However, it is much more effective to operate the refrigeration system at its most efficient conditions with a minimum amount of waste heat than it is to operate the refrigeration system less efficiently in order to produce more waste heat.
The end use of the waste heat dictates whether only desuperheating or full condensing heat recovery should be used. For example, a typical hot water system for a supermarket or big box retail store may require a water circulation temperature as high as 140°F. At this temperature, only desuperheating waste heat recovery can be effectively employed, and additional electric heaters may be required to achieve the desired water temperature (Royal 2010 ).
Compared to water heating, preheating of ventilation air requires waste heat of lower quality. When preheating ventilation air with an air-cooled fluid cooler for heat reclaim, an entering water temperature of 60°F and a leaving water temperature of 45°F are typical (Royal 2010) . Thus, the lower quality waste heat from full condensing may be used to preheat ventilation air. Typically, full condensing heat recovery applications are designed for use with water-cooled refrigeration systems.
To determine the amount of heat which can be recovered from a commercial refrigeration system, consider a low-temperature refrigeration cycle using R-407A as the refrigerant. A schematic of this cycle is shown in Figure 1 while Figure 2 shows the various states of this cycle on a pressure-enthalpy (p-h) diagram. For the refrigeration cycle shown in Figure 1 and Figure 2 , the average saturated condensing temperature is assumed to be 65°F (18.3°C) and the average saturated evaporating temperature is assumed to be −20°F (−28.9°C). In addition, a superheat of 6°F (3.3°C) is assumed at the exit of the evaporator (location 3) and the return gas temperature at the compressor suction header is 30°F (−1.1°C) (location 4). The isentropic efficiency of the compressor is assumed to be 65%. Finally, no subcooling is considered in the condenser and no pressure drops are considered in the refrigerant piping. The thermodynamic states, including temperature, pressure, enthalpy, entropy and quality, around this hypothetical refrigeration cycle are shown in Table 1 . where h 5 is the enthalpy of the discharge gas from the compressor and h 7 is the enthalpy of saturated liquid refrigerant leaving the condenser. To get an indication of the magnitude of the waste heat available from a low-temperature refrigeration system in an average-sized supermarket with a plan area of 40,000 ft 2 (3,720 m 2 ), assume that the refrigerant flow rate for a low-temperature refrigeration system is approximately 3,800 lb m /hr (1,720 kg/hr). Then, the amount of heat recovered from full condensing heat recovery would be on the order of 406,000 Btu/hr (119 kW).
Similarly, the heat available from desuperheating, q dsh , is only:
where h 6 is the enthalpy of saturated vapor refrigerant at the condensing pressure. Again, if the refrigerant flow rate for the low-temperature refrigeration system is assumed to be 3,800 lb m /hr (1,720 kg/hr), then the amount of heat recovered from desuperheating would be on the order of 107,000 Btu/hr (31.4 kW). Thus, desuperheating, q dsh , accounts for only 26% of the full condensing heat recovery, q fc , for the low-temperature refrigeration system. Also note that the average temperature of the refrigerant during desuperheating is approximately 127°F (52.8°C) while the average temperature of the refrigerant during full condensing (which includes both desuperheating and condensing) is approximately 81°F (27.2°C). Thus, it can be seen that the quality (or temperature) of the desuperheating waste heat is considerably higher than that of the full condensing waste heat.
A similar analysis can be performed for a medium-temperature refrigeration cycle. Consider the same basic R-407A refrigeration cycle shown in Figure 1 , this time with the various states of the mediumtemperature cycle shown in the p-h diagram in Figure 3 .
For the medium-temperature refrigeration cycle depicted in Figure 1 and Figure 3 , the average saturated condensing temperature is assumed to be 65°F (18.3°C) and the average saturated evaporating temperature is assumed to be 20°F (−6.7°C). In addition, a superheat of 8°F (4.4°C) is assumed at the exit of the evaporator (location 3) and the return gas temperature at the compressor suction header is 50°F (10°C) (location 4). The isentropic efficiency of the compressor is assumed to be 65%. Finally, no subcooling is considered in the condenser and no pressure drops are considered in the refrigerant piping. The thermodynamic states, including temperature, pressure, enthalpy, entropy and quality, around this hypothetical refrigeration cycle are shown in Table 2 .
For the conditions shown in Table 2 , the total heat available from full condensing heat recovery, q fc , is:
where h 5 is the enthalpy of the discharge gas from the compressor and h 7 is the enthalpy of saturated liquid refrigerant leaving the condenser. To get an indication of the magnitude of the waste heat available from a medium-temperature refrigeration system in an average-sized supermarket with a plan area of 40,000 ft 2 (3,720 m 2 ), assume that the refrigerant flow rate for a medium-temperature refrigeration system is approximately 6,400 lb m /hr (2,900 kg/hr). Then the amount of heat recovered from full condensing heat recovery would be on the order of 593,000 Btu/hr (174 kW). where h 6 is the enthalpy of saturated vapor refrigerant at the condensing pressure. Again, if the refrigerant flow rate for the medium-temperature refrigeration system is assumed to be 6,400 lb m /hr (2,900 kg/hr), then the amount of heat recovered from desuperheating would be on the order of 91,000 Btu/hr (26.7 kW). Thus, desuperheating, q dsh , accounts for only 15% of the full condensing heat recovery, q fc , for the medium-temperature refrigeration system.
Also note that the average temperature of the refrigerant during desuperheating is approximately 98°F (36.7°C) while the average temperature of the refrigerant during full condensing (which includes both desuperheating and condensing) is approximately 70°F (21.1°C). Thus, it can be seen that the quality (or temperature) of the desuperheating waste heat is considerably higher than that of the full condensing waste heat.
To carry this example farther, consider that the medium-temperature refrigeration system shown in Figure 1 and Figure 3 is utilized in a typical big box retail store, where full condensing heat recovery from the refrigeration system will be used to preheat ventilation air. The amount of waste heat available for this purpose depends upon the operating conditions of the refrigeration system and the climate zone in which the store is located. In this example, the refrigeration system condensing temperature is set at 65°F (18.3°C) and the refrigerant is R-407A. Suppose that the medium-temperature refrigeration system has a total heat rejection of 770,192 Btu/hr (226 kW), which is on the order of that for a big box retail store (Royal 2010) . The prototypical big box retail building has an average heating load of 2.1 × 10 6 Btu/hr (610 kW) and no space heating is required when the outdoor air temperature is greater than 47.5°F (8.6°C). Furthermore, the analysis will consider the 13 US climates zones shown in Figure 4 . Table 3 lists a representative city for each climate zone along with the average annual dry-bulb temperature for each representative city (Royal 2010) .
For the typical big box retail store, Table 4 shows the number of hours of space heating which is required in each temperature bin for the 13 climate zones. Table 5 shows the amount of waste heat energy available in each temperature bin for the 13 climate zones. This waste heat energy is determined from the total heat rejection from the refrigeration system (770,192 Btu/hr or 226 kW) and the number of hours in each particular temperature bin. The total waste heat available for recovery in each climate zone is summed at the bottom of each column (Royal 2010) .
As can be seen from Table 5 , for increasingly warmer climate zones, the total amount of waste heat from the refrigeration system which can be used for preheating purposes decreases. For example, in Casper, WY (located in the coolest climate zone), the total amount of waste heat which can be used for air preheating is 4,135,927 MBtu (4.36 TJ), while in Miami, FL (located in the warmest climate zone), the total amount of waste heat which can be used for air preheating is 77,790 MBtu (82.1 GJ). The use of waste heat for ventilation air preheating is therefore more cost effective in colder climates than in warmer climates. In warmer climates, where the requirement for preheating of ventilation air is lower, it might be more effective to use the waste heat from the refrigeration system for water heating purposes. Thus, the application of waste heat from refrigeration systems must consider both the amount of heat available from the refrigeration system and the location of the store. 
Methods and Applications of Heat Recovery
Currently in the U.S., the typical supermarket refrigeration system is the multiplex, direct expansion system type, in which direct expansion evaporator coils are located within the refrigerated display cases and walk-in coolers and freezers, and the compressors and condensers are located in a machine room at the back of the store or on the roof of the store. Supply and return piping delivers refrigerant to and from the evaporators in the display cases and walk-in coolers/freezers.
As shown in Figure 5 , in a basic direct expansion (DX) refrigeration system, a heat recovery heat exchanger (HRC) can be used to transfer heat from the compressor discharge gas to either the retail space or to process water. The heat to be extracted from the high pressure, high temperature discharge gas consists of both superheat (sensible) and condensing (latent) heat. Any excess heat that is not recovered is rejected to the outdoor ambient via an air-cooled condenser. Heat reclaimed by desuperheating the compressor discharge can be used for space heating or water heating. However, the heat recovered by partial or full condensing of the refrigerant can only be used for space heating, provided that the refrigeration system head pressure is high enough to reclaim usable heat (Walker, Tsaros and Deming 1990) .
If the refrigeration system is operated in cold climates using floating condenser pressure control, the condensing temperature and pressure will be low, resulting in low quality, low temperature waste heat that is unavailable for practical use. The head pressure may be maintained at a level higher than required during cold weather in order to produce higher quality waste heat. However, the electrical energy consumption of the refrigeration system at the higher condensing pressure may be greater than the amount of useful heat recovered (Minea 2010 ).
Minea (2010) reports the refrigerant discharge temperatures entering and exiting a heat recovery coil for a period of one year, for a particular supermarket with a basic DX refrigeration system located in Canada. The temperature of the refrigerant entering the heat recovery coil varied between 140°F (60°C) and 176°F (80°C) over the course of the year. Minea noted that the amount of heat recovered was not sufficient to provide full space heating for the supermarket.
Thus, various researchers have attempted to improve the utilization of waste heat from supermarket refrigeration systems.
Heat Recovery versus Floating Head Pressure
The operation of vapor compression refrigeration systems always requires the rejection of waste heat to the environment. In colder climates, such as northern Europe or Canada, it would seem logical then to use this waste heat to provide heating for the supermarket space or for process water. However, in an attempt to increase the efficiency of the refrigeration system, the head pressure can be allowed to float, or follow, the outdoor ambient temperature. Thus, as the outdoor temperature decreases, the temperature of the refrigeration system waste heat decreases. Therefore, the amount of space heating or water heating that can be achieved at lower ambient temperatures decreases.
As a compromise between utilizing either a heat recovery strategy or a floating head pressure control strategy in supermarket refrigeration systems, Arias and Lundqvist (2006) propose to use both. In order to do so, Arias and Lundqvist suggest that two refrigeration systems be used in place of one refrigeration system. Where one refrigeration system is optimized to operate with floating head pressure or heat recovery, two smaller systems can be used instead, with one system optimized to provide heat recovery while the other is optimized to operate with floating head pressure.
Using a supermarket energy simulation tool, Arias and Lundqvist modeled an existing Swedish supermarket using the following three strategies:
 Heat recovery only  Floating head pressure only  Both heat recovery and floating head pressure Arias and Lundqvist found that the energy rejected by the condenser should be sufficient to meet the space heating requirements of the supermarket. However, practical experience at the existing supermarket indicates that this is not the case, due to cyclic operation of the refrigeration system and the poor integration of heat recovery between the refrigeration system and the HVAC system. Furthermore, the simulation results indicated that the combined heat recovery and floating head pressure strategy was more economical than either only the heat recovery strategy or only the floating head pressure strategy. It was found that the total energy cost savings was approximately 7% to 8% by using both heat recovery and floating head pressure versus either heat recovery or floating head pressure alone.
Heat Pumps for Energy Recovery
In an effort to increase the quality of refrigeration system waste heat, heat pumps which are driven by the waste heat have been used for supermarket space heating. These heat pumps can be integrated into the supermarket HVAC system either directly, where the heat pump evaporators serve as refrigeration system condensers, or indirectly, where water-source heat pumps receive refrigeration system waste heat via water-cooled condensers. An advantage of using heat pumps to recover waste heat is that the refrigeration system head pressure does not need to be maintained at a high level in order to reclaim usable heat (Baxter 2003) .
Heat pump heat recovery has been investigated in a supermarket in Canada (Baxter 2003) . A supermarket with a traditional multiplex direct expansion refrigeration system consisting of two racks, one for medium temperature and the other for low temperature, was fitted with several rooftop heat pumps. Discharge gas from the refrigeration system passes through plate heat exchangers which serve as the evaporators of the heat pumps. These heat pumps supply heating to the supermarket. It was reported that this system reduced overall energy consumption of the supermarket by about 6% while costing approximately 8% more than a conventional refrigeration and HVAC system (Baxter 2003) .
Water-source heat pumps in conjunction with water loop heat rejection have been evaluated for use in supermarkets, and it was estimated that a combination of water-cooled distributed refrigeration systems with water-source heat pumps could save 10% to 20% in overall refrigeration plus HVAC operating costs. The installed cost of this type of system was estimated to be 30% more than that of a conventional rooftop HVAC system with a simple payback of between 4.2 to 7.8 years (Baxter 2003 ).
Minea (2006) (2007) utilized a supermarket refrigeration system which consisted of secondary loops on both the refrigerating and condensing sides of the system, in conjunction with heat pumps and heat exchangers for heat recovery. The refrigeration system is divided into two zones: a low-temperature zone and a medium-temperature zone.
As shown in Figure 6 , the low-temperature zone of the supermarket refrigeration system consists of three separate closed loops: 1) a low-temperature R-507 vapor compression refrigeration loop with a design suction temperature of −20°F (−28.9°C), 2) a "freezing" loop supplying low temperature brine to the refrigerated display cases and storage rooms, and 3) a heat rejection loop supplying a high temperature solution to the heat rejection device (fluid cooler) and heat recovery devices (heat pumps). In the low-temperature zone, a potassium formate salt brine is cooled via the evaporator of the R-507 refrigeration system and pumped to the heat exchangers within the display cases and storage rooms. In order to defrost the display case and storage room heat exchangers, the potassium formate brine is heated during defrost cycles via a desuperheating heat exchanger installed in the discharge line from the compressors. The condenser of the low temperature R-507 refrigeration system transfers heat from the refrigeration system to an ethylene glycol solution which is pumped to the fluid cooler and seven brineto-air heat pumps. Six of the brine-to air heat pumps are used to heat the receiving and storage areas as well as the store entrance/vestibule area while the seventh brine-to-air heat pump provides heating and cooling to the community room. Any excess heat is then rejected by the fluid cooler.
Similarly, as shown in Figure 7 , the medium-temperature zone consists of three separate closed loops: 1) a medium-temperature R-507 vapor compression refrigeration loop with a design suction temperature of 20°F (-6.7°C), 2) a "cooling" loop supplying a medium-temperature liquid solution to the display cases and storage rooms, and 3) a heat rejection loop supplying a high temperature liquid solution to the heat rejection devices (fluid coolers) and the heat recovery heat exchanger in the central HVAC unit. In the medium-temperature zone, a propylene glycol/water solution is cooled via the evaporator of the R-507 refrigeration system and pumped to the heat exchangers within the display cases and storage rooms. In order to defrost the display case and storage room heat exchangers, the propylene glycol solution is heated during defrost cycles via a desuperheating heat exchanger installed in the discharge line from the compressors. The condenser of the medium-temperature R-507 refrigeration system transfers heat from the refrigeration system to an ethylene glycol solution which is pumped to the fluid coolers and the heat recovery heat exchanger.
The refrigeration system proposed by Minea (2006 Minea ( , 2007 was installed in a new supermarket near Montreal. The overall size of the supermarket was 117,578 ft 2 (11,000 m 2 ) with a total sales area of 74,842 ft 2 (7,000 m 2 ). The low-and medium-temperature R-507 refrigeration cycles are confined to a 1,410 ft 2 (130 m 2 ) machine room. The integrated secondary loop refrigeration and HVAC system was monitored during a 12-month period to determine energy performance in a cold Canadian climate.
It was found that the temperature of the warm secondary fluid in the heat rejection loop of the lowtemperature zone never dropped below 77°F (25°C) during the coldest weather and exceeded 104°F (40°C) during the warmest weather. The brine-to-air heat pumps on the low-temperature heat rejection loop achieved coefficients of performance (COPs) as high as 4.6 while the outdoor temperatures dropped to −13°F (−25°C).
The temperature of the warm secondary fluid in the heat rejection loop of the medium-temperature zone frequently exceeded 86°F (30°C) during the winter months, thereby providing useful waste heat for preheating outdoor make-up air via the brine-to-air heat exchanger in the central HVAC unit. It was noted that the back-up electrical heater in the central HVAC unit did not operate during the winter suggesting that there was sufficient waste heat for preheating the outdoor make-up air.
The specific annual energy consumption of the supermarket was found to be 841 kWh/m 2 per year. Minea (2007) noted that this energy consumption is less than that of conventional direct expansion multiplex systems in Canada, which generally exceed 1000 kWh/m 2 per year. The main components of the low-and medium-temperature refrigeration systems, including compressors, secondary fluid pumps and liquid cooler fans, consumed approximately 30% of the supermarket's total annual energy.
Furthermore, the use of cooling/freezing and heat rejection fluid loops significantly reduced the refrigerant charge of the system as compared to conventional direct expansion multiplex systems. Minea (2007) estimates that, compared to a baseline multiplex refrigeration system, the refrigerant charge of the secondary loop system was reduced by 61%. Khattar (2004) investigated the performance of a dual-path, water-source heat pump HVAC system in a supercenter located in Moore, OK. A schematic of the dual path HVAC system used in the field demonstration is shown in Figure 8 . This system was used to provide variable ventilation rate through the ventilation air path, conditioned ventilation air below a set point of 45°F (7°C) at all airflow rates, and space heating through recovery of refrigeration waste heat from a circulating water loop. This system used a water-cooled DX coiling coil in the ventilation air path and a water-source heat pump in the recirculation air path. A central circulating water loop was used in which the waste heat from the refrigeration racks was transferred to the rooftop HVAC units. Cooling towers were used to reject the excess heat in the water loop which was not used for space heating. Khattar (2004) found that this dual path HVAC system was capable of maintaining the indoor dew point between 45°F to 48°F (7°C to 9°C) regardless of outdoor dew point temperature (unless the outdoor dew point fell below 45°F (7°C), in which case, the indoor dew point also dropped). This corresponds to a relative humidity range of approximately 40% to 45% at 70°F (21°C). Furthermore, no additional heat was required to maintain space conditions in the winter other than the heat which was recovered from the water loop. Thus, it was demonstrated that the refrigeration waste heat could be practically and efficiently used, without the need for additional heat sources. Brandemuehl and Khattar (1997) provide data from field monitoring of a desiccant-based HVAC system installed in a 38,427 ft 2 (3,570 m 2 ) New Jersey supermarket. The original HVAC system at this supermarket was a conventional rooftop DX cooling system which provided cooling and dehumidification. The system provided 75 tons (265 kW) of cooling and dehumidification capacity with a supply airflow of 28,000 cfm (13,200 L/s). The system was then retrofitted with an all-electric desiccant dehumidifying system. The modified system consisted of the original rooftop unit, with reduced airflow (18,000 cfm or 8,494 L/s) and reduced capacity (45 tons or 158 kW). The desiccant system had a supply air flow rating of 7,000 cfm (3,300 L/s), a regeneration air flow rating of 4,400 cfm (2,080 L/s) and a total fan power of 8.8 kW. Waste heat from the refrigeration system was used to regenerate the desiccant material. The desiccant material that was used in the system was newly developed, and could be effectively regenerated at temperatures as low as 130°F (54°C).
Regeneration in Desiccant Dehumidification Systems
Two zones were created with the air distribution system: the desiccant system served the freezer aisles while a conventional DX system served the remainder of the store. Thus, the desiccant system could focus dehumidification in the freezer aisles where the greatest benefit from dehumidification could be realized. Brandemuehl and Khattar (1997) found that the new desiccant-based system was able to maintain a substantial humidity gradient across the supermarket, where the freezer aisles had a lower humidity than the main grocery aisles. The desiccant system heats and dehumidifies the supply air. It was found that the additional heat added to the store did not appear to increase the cooling energy use of the HVAC system. The heat generally provided beneficial warming to the freezer aisles, improving occupant comfort. The heat added to the supermarket by the desiccant system was less than the need for reheat with a conventional HVAC system.
Trigeneration or Combined Cooling, Heat and Power (CCHP)
Combined heat and power (CHP) systems consist of equipment to produce and utilize both heat and power. Typically, gas engines or gas turbines drive an electric generator to produce electric power. The waste heat from the engine exhaust, engine cooling system and oil coolers is used for heating (Maidment and Tozer 2002) .
CHP systems are generally more efficient than conventional coal-fired power plants because electricity is produced locally and thus, distribution losses are minimized. In addition, the waste heat from the CHP system can be used for space heating and process heating, thereby increasing overall efficiency.
In supermarket applications, the waste heat from CHP systems is typically used for space heating and hot water production. This results in under-utilization of the waste heat during warm summer months. To increase the efficiency of CHP systems in supermarket applications, several researchers have suggested integrating an absorption cooling system into the CHP system (Maidment and Tozer 2002) (Sugiartha, et al. 2009 ) (Arteconi, Brandoni and Polonara 2009 ). The waste heat from the CHP system drives the absorption cooling system, which in turn, provides cooling for refrigerated display cases, storage areas and the retail space. This concept is known as trigeneration, or combined cooling, heating and power (CCHP).
Typical commercially available trigeneration systems include:
 Gas turbine and electric generator with double-effect, steam driven absorption chiller: In this system, steam is produced via an exhaust gas-to-steam heat recovery boiler. This steam is then used to drive an absorption chiller. This type of system typically has a capacity in excess of 1 MW e .
 Gas engine and electric generator with single-effect, hot water driven absorption chiller: In this system, hot water is produced using the waste heat from the engine exhaust gases and the engine cooling system. This hot water is then used to drive an absorption chiller. This type of system typically has a capacity less than 1 MW e .
The application of trigeneration may result in energy savings when compared to conventional, separately purchased power and on-site thermal energy systems. The cost of the trigeneration system, including first cost, fuel cost and maintenance cost, should be compared to the costs of purchased power and thermal energy. Trigeneration offers the advantage of allowing businesses to remain online during power outages or other disasters.
The installed cost for a combined heating and power (CHP) system, excluding absorption cooling, depends upon the type of engine used to power the system, and can range as follows (EPA 2008):
 Reciprocating engine CHP: $1,100 to $2,200 per kW e  Gas turbine CHP: $970 to $1,300 per kW e  Microturbine CHP: $2,400 to $3,000 per kW e Application of trigeneration systems in the food manufacturing and processing industries has been discussed by Bassols et al. (2002) , including the use of trigeneration in a margarine factory in the Netherlands, a frozen vegetable factory in Spain, a dairy factory in Spain, and a meat factory in Spain. Nevertheless, trigeneration has had limited application in the food retail market, principally due to the lack of commercially available systems suited for the supermarket industry (Sugiartha, et al. 2009 ). Recently, however, several researchers, motivated by an effort to reduce energy use and greenhouse gas emissions, have theoretically studied the feasibility of using trigeneration systems in supermarket applications (Maidment and Tozer 2002) (Sugiartha, et al. 2009 ) (Arteconi, Brandoni and Polonara 2009 ). In addition, a laboratory study of a micro turbine based trigeneration system with application to supermarkets has been reported by Ge et al. (2009) . Furthermore, a field demonstration of a CHP system installed in a supermarket in Hauppauge, NY has been performed by CDH Energy Corporation (2004) .
Analytical Study by Maidment and Tozer (2002)
Using a BIN calculation method, Maidment and Tozer (2002) modeled the electrical and thermal performance of several trigeneration systems for a prototypical supermarket. Only gas engine driven systems, rather than gas turbine driven systems, were studied since the power requirements of the prototypical supermarket were much less than 1 MW e . In their analysis, Maidment and Tozer assumed that the absorption chiller would be sized to satisfy only half of the supermarket's cooling load. The other half of the cooling load was assumed to be provided by a conventional vapor compression refrigeration system.
Five trigeneration systems were investigated by Maidment and Tozer, including:
1. High temperature gas engine (255°F or 124°C) with a single effect ammonia/water absorption chiller which cooled propylene glycol. The propylene glycol was then used to cool the medium temperature display cases. Conventional vapor compression refrigeration systems were used for the low temperature display cases. 2. Conventional gas engine (194°F or 90°C) with a double stage ammonia/water absorption chiller which cooled propylene glycol. The propylene glycol was then used to cool the medium temperature display cases. Conventional vapor compression refrigeration systems were used for the low temperature display cases. 3. Conventional gas engine (194°F or 90°C) with a single effect lithium bromide/water absorption chiller which cooled water. The water was then used to remove the waste heat from the vapor compression refrigeration systems of both the medium and low temperature display cases via cascade condensers. 4. Low temperature gas engine (158°F or 70°C) with a low temperature, single effect lithium bromide/water absorption chiller which cooled water. The water was then used to remove the waste heat from the vapor compression refrigeration systems of both the medium and low temperature display cases via cascade condensers. 5. Conventional gas engine (176°F or 80°C) with a silica gel/water adsorption chiller which cooled water. The water was then used to remove the waste heat from the vapor compression refrigeration systems of both the medium and low temperature display cases via cascade condensers.
From the analysis of these five systems, it was found that the conventional gas engine coupled with the single effect lithium bromide/water absorption chiller (Option 3) produced the lowest payback period, which was approximately 7 years. In addition, this particular system produced an estimated primary energy savings of approximately 15% when compared to a conventional supermarket which received its electricity from a coal-fired power plant. It was noted that this primary energy savings would be beneficial in the short term. However, in the medium to longer term, trigeneration will have to compete against more efficient grid generated electricity, such as that from combined cycle gas turbine (CCGT) generation. Thus, Maidment and Tozer (2002) speculate that in the long term, trigeneration systems must be powered by more efficient mini gas turbines or fuel cells, rather than gas engines, in order for trigeneration to be viable for commercial refrigeration applications. Sugiartha et al. (2009) presented a methodology to evaluate the energy, economic and environmental performance of a micro-gas turbine based trigeneration system for supermarket applications. A prototype supermarket with a sales area of 30,140 ft 2 (2800 m 2 ) was proposed, which makes use of absorption chillers supplying chilled brine to the medium temperature display cases. Heat input to the absorption chillers is supplied by the exhaust from micro-gas turbines. The low-temperature display cases are serviced by a conventional direct expansion refrigeration system. For stable system operation, Sugiartha et al. (2009) suggested the use of a thermal storage device placed between the absorption chillers and the medium temperature display cases to balance the variations in refrigeration system load and the refrigerating effect produced by the absorption chiller.
Analytical Study by Sugiartha et al. (2009)
Two operating strategies were investigated: the full electrical load-continuous operation strategy and the heat load-following operation strategy. During full electrical load-continuous operation, the micro gas turbine runs continuously at full electrical power output regardless of the site demand and any heat generated in excess of the heat demand will be rejected to the ambient (Sugiartha, et al. 2009 ). In the heat load-following operation strategy, the output of the micro gas turbine will be modulated to meet the site heat demand. Thus, the electrical power output of the system will vary. Any deficiency in electrical demand is made up from the grid and any excess electricity can be exported to the grid (Sugiartha, et al. 2009 ).
The trigeneration system studied by Sugiartha et al. (2009) consisted of two natural gas fired micro turbines capable of producing 80 kW e each. At their rated electrical output, the micro gas turbines produce 163 kW of thermal energy at an exhaust gas temperature of 275°F (135°C). Several 12 kW e ammonia-water absorption chillers were used that can vary depending on the amount of heat available from the micro gas turbines. The electrical rating for the chillers is at an ambient temperature of 95°F (35°C), a brine temperature of 23°F (−5°C) and a brine flow rate of 81 ft In their analysis, Sugiartha et al. (2009) found that when the fraction of heat generated by the micro gas turbines in full load operation which was diverted to drive the absorption chillers was less than 85%, then the continuous full load operating strategy resulted in better energy, economic and environmental performance. When the fraction of heat generated by the turbines which was diverted to the absorptions chillers was greater than 85%, then the two operating strategies gave similar performance. Sugiartha et al. (2009) found that the economic viability of the trigeneration system was sensitive to the relative prices of natural gas and grid electricity. When the electricity to gas price ratio is 4.0, the payback period for the trigeneration system is 5.7 years, assuming the full load operating strategy and a COP of 0.5 for the absorption chillers. Arteconi et al. (2009) present the results of a feasibility study using a trigeneration system to generate electricity and provide heating and air conditioning for a supermarket. This system consists of a natural gas fired internal combustion engine or micro turbine coupled with a lithium-bromide/water absorption chiller for air conditioning. Arteconi et al. (2009) also analyzed the feasibility of using a trigeneration system with ammonia/water absorption chillers to service medium temperature refrigerated display cases. In this system, the low temperature refrigerated display cases were serviced with conventional vapor compression refrigeration systems.
Analytical Study Arteconi et al. (2009)
The prototypical store, based on an actual supermarket located in central-northern Italy, has a sales area of 107,640 ft 2 (10,000 m 2 ). The supermarket has a significant demand for heating in the winter months, resulting in an annual thermal energy consumption of 880 MWh. The annual electrical energy consumption of the supermarket is 5093 MWh, which includes a relatively constant refrigeration system demand. The electricity demand increases slightly in the summer months due to the need for air conditioning and the higher demand for refrigeration.
In their analysis of the prototypical supermarket, Arteconi et al. (2009) found that a trigeneration system which generates electricity with an internal combustion engine and provides air conditioning using a lithium bromide/water absorption system produced a payback period of less than five years. Furthermore, they found that a trigeneration system using a micro turbine, rather than an internal combustion engine, was not competitive due to the turbine's higher initial cost and lower electrical efficiency as compared to the internal combustion engine.
For the prototypical supermarket, Arteconi et al. (2009) also found that a trigeneration system which generates electricity and provides food refrigeration using ammonia/water chillers produces a payback period of less than five years. Therefore, Arteconi et al. (2009) conclude that the two trigeneration systems studied are viable, both energetically and economically.
CHP Field Studies Sponsored by DOE
The U.S. Department of Energy has supported more than 350 combined heat and power projects, representing 1.3 gigawatt (GW) of CHP installed or in development, and includes applications such as supermarkets, office buildings, healthcare facilities, educational facilities, and manufacturing facilities, among others (DOE 2011).
A demonstration of CHP in a 57,000 ft 2 (5,300 m 2 ) supermarket located in Mt. Kisco, NY has been performed with sponsorship from the U.S. Department of Energy (Rosfjord, et al. 2005 ). This particular CHP system consists of four 60 kW microturbines and a waste-heat-driven double effect absorption chiller. The system provides 240 kW of electricity as well as 110 tons of chilled water or 900 MBTU of hot water. The chilled water provides space cooling as well as refrigerant sub-cooling, and the hot water provides space heating during winter operation. In addition, exhaust heat from the microturbines is used to regenerate the desiccant in a desiccant dehumidification system. It was estimated that grid electricity consumption of the supermarket after installation of the CHP system was 54% of the store baseline grid electricity consumption. Furthermore, it was estimated that the annual energy savings, including both electricity and gas, would be $129,000.
CHP Field Study by CDH Energy Corporation (2004)
A demonstration of CHP in a 57,000 ft 2 (5,300 m 2 ) supermarket located in Hauppauge, NY has been performed by CDH Energy Corporation (2004) with support from the U.S. DOE (DOE 2011). The CHP system consists of a 60 kW microturbine that generates electricity and a heat exchanger that recovers heat from the microturbine exhaust. The heat exchanger transfers the waste heat to a glycol loop, which in turn provides heat for either the supermarket space or for desiccant regeneration in the dehumidification system, depending upon the season.
During the monitoring period from August 2002 through July 2004, the CHP system delivered, on average, approximately 8% of the total electrical energy required by the supermarket. The CHP system was able to deliver up to 400 MBtu/hr for space heating during the winter and approximately 230 MBtu/hr for desiccant regeneration during the summer.
During space heating with a difference of 50°F (28°C) between the indoor and outdoor temperatures, it was found that heat recovery from the CHP system reduced the gas consumption of the heating system by 33% (164 therms/day without heat recovery versus 110 therms/day with heat recovery). In addition, with a difference of 20°F (11°C) between the indoor and outdoor temperatures, CHP heat recovery reduced the gas consumption of the heating system by 39% (from 64 therms/day without heat recovery versus 39 therms/day with heat recovery). It was noted that the control strategy used to initiate heat recovery space heating and gas space heating was not optimized, and thus, roughly only 50% of the available waste heat from the CHP system was effectively used for space heating of the supermarket.
During dehumidification at a humidity of 120 grains/lb, it was found that heat recovery from the CHP system reduced the gas consumption of the desiccant dehumidification system by approximately 40% (from 127 therms/day without heat recovery versus 76 therms/day with heat recovery). In addition, at a humidity of 65 grains/lb, CHP heat recovery reduced the gas consumption of the desiccant dehumidification system by approximately 80% (from 27 therms/day without heat recovery versus 5 therms/day with heat recovery).
The installed cost of the CHP system, including the microturbine, heat recovery coils, electrical, plumbing, and controls, was $2,450/kW (2002 price). It was estimated that if the CHP system were part of the original bid to build the supermarket, the installed cost would have been between $1,800 to $2,000 per kW. Using the local utility rates, it was estimated that the payback for the CHP system was 30 years.
Fuel Cells
A fuel cell is a device that combines hydrogen fuel and oxygen to produce electricity, heat and water. The process does not involve combustion, and thus, a fuel cell produces very little pollution. In addition, compared to an internal combustion engine, a fuel cell is capable of extracting more energy from the same amount of fuel. Thus, fuel cells have higher efficiencies compared to internal combustion engines. Finally, fuel cells contain no moving parts, and thus, they represent a quiet and reliable source of power.
A commercially available phosphoric acid based fuel cell is capable of delivering 1.7 MMBtu/hr of lowgrade heating at 140°F (60°C) and 0.79 MMBtu/hr of high-grade heating at 250°F (121°C) while producing 400 kW of electric power (UTC Power 2010). This particular fuel cell has been used in several supermarket applications. Price Chopper's 69,000 ft 2 (6,410 m 2 ) Colonie store in New York utilizes a 400 kW fuel cell as its primary and emergency power source (PR Newswire 2010). The use of the fuel cell in conjunction with an array of environmentally progressive features including advanced systems in cooling and refrigeration, daylight harvesting, as well as waste and recycling initiatives led the U.S. Environmental Protection Agency (EPA) to award the Colonie store with the highest level of GreenChill gold-level certification.
An Albertsons supermarket in California uses a 400 kW fuel cell to generate approximately 90% of its electricity requirements (Environmental Leader 2010) . The heat from the fuel cell is used to heat the retail space, provide hot water and drive a chiller which supplies refrigeration to display cases. The overall energy efficiency of this installation is reported to be 60%.
A 50,000 ft 2 (4,650 m 2 ) Whole Foods Market in San Jose, CA also uses a 400 kW fuel cell to produce 90% of the store's electricity requirements and the thermal energy is used for store heating and refrigeration (Renewable Energy Focus 2010). The overall energy efficiency of this installation is reported to be 60%. Currently, the most widely deployed fuel cells cost about $4,500 per kilowatt. By contrast, a diesel generator costs $800 to $1,500 per kilowatt, and a natural gas turbine can be $400 per kilowatt or even less (DOE 2010). Thus, due to the high cost of fuel cell technology, many supermarket chains have applied for grants and federal tax incentives to help defray the cost of utilizing fuel cell technology. For example, the New York State Energy Research and Development Authority (NYSERDA) has provided Price Chopper with nearly $1.2 million in funding for energy efficiency measures at Price Chopper's Colonie store (NYSERDA 2010) . Whole Foods received a $940,000 grant from the Connecticut Clean Energy Fund to be used toward the purchase of the fuel cell used at their Glastonbury store (Environmental Leader 2008) . The fuel cell project at Whole Foods' Dedham, MA, store received a $400,000 grant from the Massachusetts Renewable Energy Trust Large Onsite Renewables Initiative (LORI), which is a program that awards grants for feasibility studies as well as design and construction projects for qualifying renewable energy systems greater than 10 kW (Fuel Cell Today 2010) . Thus, while application of fuel cell technology in supermarket applications can be attractive from an energy and environmental aspect, the current cost of the technology inhibits its wide-spread utilization.
Discussion
The basic application of refrigeration system waste heat recovery is to provide space heating and water heating for the supermarket. Typically, space heating and water heating are accomplished with gasfired heaters, and thus, waste heat recovery can reduce the gas consumption associated with space heating and water heating. According to the EPA (2008), 74% of a typical supermarket's gas consumption is attributed to space heating while 13% of its gas use is for water heating. The remaining 13% of a supermarket's gas consumption is dedicated to cooking requirements.
To determine the energy savings associated with basic heat recovery in a supermarket, a representative supermarket of 40,000 ft 2 used in an analysis by Walker (2001) was used. The representative supermarket has a floor area of 40,000 ft 2 and the capacities of the refrigeration system and the HVAC system are given in Table 6 and Table 7 , respectively (Walker 2001) . As shown in Table 6 , a total of 1,667,000 Btu/hr of waste heat is generated by the supermarket refrigeration system. In addition, the maximum average cooling capacity required for the representative supermarket is 90 tons while the required maximum average heating capacity is 1,042,580 Btu/hr, as shown in Table 7 . The heating performance of a typical, commercially available 90-ton rooftop unit (RTU) which could be used for the representative supermarket is shown in Table 8 . This RTU provides a maximum of 900,000 Btu/hr of heating from a gas input of 1,125,000 Btu/hr, which corresponds to a gas heater efficiency of 80%. Assuming an efficiency of 80% for the gas-fired furnace, a gas input of 1,303,225 Btu/hr would be required to satisfy the maximum average space heating load of 1,042,580 Btu/hr. According to the EPA (2008), 74% of a typical supermarket's gas consumption is attributed to space heating while 13% of its gas use is for water heating. Thus, it is estimated that 183,156 Btu/hr of heat is required for water heating in the representative supermarket. Assuming an efficiency of 80% for the gas-fired water heater, a gas input of 228,945 Btu/hr would be required to satisfy the water heating load of 183,156 Btu/hr. Overall, the combined space and water heating requirement of the supermarket is 1,225,736 Btu/hr, which requires a gas input of 1,532,170 Btu/hr.
Assuming that hot water demand is constant throughout the year, and that the duty cycle of the gasfired water heater is 0.4, the total annual gas input required to produce hot water would be 802 × 10 6 Btu. Assuming 1 cubic foot of natural gas is equivalent to 1,027 Btu, and with an average price for natural gas of $14.62 per thousand cubic feet (EIA 2011), it is estimated that the cost of producing hot water via a gas-fired water heater would be $11,417 per year. Furthermore, assuming that space heating is required during six months out of the year and that the duty cycle of the space heating system is 0.4, the cost associated with gas-fired heating of the supermarket would be $32,504 per year. Thus, without utilizing waste heat, the combined annual cost of water and space heating is estimated to be $43,921.
Assuming that 40% of the waste heat from the refrigeration system can be recovered for useful purposes, it can be seen that as much as 666,800 Btu/hr of useful heat is available from the refrigeration system for space heating and water heating. Since the total space and water heating requirement of the supermarket is 1,225,736 Btu/hr, waste heat reclaim can provide, at a minimum, 54% of the required heat, leaving 558,936 Btu/hr which must be supplied via the gas-fired furnace and gas-fired water heater. Assuming, an efficiency of 80% for the gas-fired furnace and water heater, a total gas input of 698,670 Btu/hr is required to satisfy the 558,936 Btu/hr space and water heating requirement that is not met by waste heat recovery.
Thus, in the worst case scenario when space heating and water heating are required simultaneously, such as during the winter, simple heat reclaim can save 54% in gas consumption. On the other hand, in the summer when only water heating is required, simple heat reclaim can provide 100% of the energy required for water heating. On an annual basis, the gas energy cost when utilizing simple heat recovery is estimated to be $21,583. This represents an annual gas energy cost savings of 51% as compared to not utilizing heat recovery.
It should be noted that the actual amount of waste heat available from a supermarket refrigeration system depends upon climate, season and operating strategy. Thus, energy savings associated with waste heat recovery are dependent upon climate zone, seasonal weather variations and refrigeration system operation (i.e., floating head pressure vs. fixed head pressure).
In addition to the analysis of simple heat recovery discussed above, Table 9 summarizes the advanced heat recovery technologies identified in this study. The estimated total supermarket electrical energy savings is reported along with the gas energy savings associated with space heating and water heating (assuming that all space heating and water heating would be otherwise provided by gas-fired heaters). Note that the gas energy savings shown in Table 9 represents only that portion associated with space heating or water heating. CHP/CCHP and fuel cell technologies typically require a natural gas source for operation which would be in addition to any space heating and water heating requirements. In addition, cost and payback are reported for the heat recovery technologies.
The use of heat pumps to increase the availability of the refrigeration system waste heat has the potential to offset nearly all of the heating requirements of a supermarket. This strategy would be especially beneficial to supermarkets located in colder climates where heating is required for a significant portion of the year. Furthermore, the refrigeration system may employ a floating head pressure strategy without negatively affecting the ability of the heat pumps to recover useful waste heat from the refrigeration system. CHP/CCHP and fuel cell technologies have the capability of providing nearly all of the electrical and thermal energy required by a supermarket. While the application of these technologies in supermarkets can be attractive from an energy and environmental aspect, the current cost of these technologies inhibits their wide-spread utilization.
Another factor which may influence the waste heat recovery strategy selected for a supermarket is compliance with state and federal energy codes. The State of California is currently considering the inclusion of mandatory waste heat recovery for supermarkets in the 2013 version of their Title 24 building energy efficiency standard (PG&E 2011 ) (CEC 2008 . Depending upon climate zone, it is proposed that supermarkets will be required to utilize at least 25% of the refrigeration system waste heat for space heating. However, this should be done without increasing the hydrofluorocarbon (HFC) refrigerant charge of the refrigeration system by more than 20% of the total charge without heat recovery, or 0.50 pounds per 1,000 Btu/hr of heating capacity (0.77 kg/kW), whichever is less. While this proposed code is only currently applicable to California, it is conceivable that this code may eventually be included in federal building energy efficiency regulations. The proposed California regulations allude to an environmental as well as an energy impact associated with waste heat recovery. The basic method of waste heat recovery, which makes use of heating coils placed within HVAC systems or water heating systems, requires piping and refrigerant beyond that which is required for a refrigeration system without heat reclaim. While an energy benefit may be realized from the use of basic waste heat reclaim, the increase in associated piping and refrigerant charge can lead to adverse environmental impacts. Additional piping increases the potential risk for refrigerant leaks while an increase in refrigerant charge increases the quantity of refrigerant which can escape into the environment. Thus, when evaluating waste heat recovery options, it would be prudent to consider the environmental impacts of the waste heat recovery system.
When considering the use of heat pumps to enhance heat recovery, refrigerant coupled heat pumps will require more refrigerant piping and refrigerant charge than the liquid loop coupled heat pumps. In the refrigerant coupled heat pump strategy, the refrigeration system discharge piping from the compressor is routed to a heat exchanger which serves as the evaporator of the heat pump. Thus, potentially long refrigerant lines, and an associated increase in refrigerant charge, are required to transfer the energy from the discharge gas to the heat pump. On the other hand, in the liquid loop coupled heat pump strategy, the heat from the refrigeration system discharge is transferred to a secondary fluid via a heat exchanger. This fluid is then pumped to a second heat exchanger which serves as the evaporator of the heat pump. Thus, the long refrigerant lines between the refrigeration system discharge and the heat pump are replaced with long secondary fluid lines. Therefore, the potential for leakage of high global warming potential fluids is reduced when using the liquid loop coupled heat pump strategy.
Conclusions
It was estimated that the implementation of simple heat recovery, where refrigerant-to-air and/or refrigerant-to-water heat exchangers transfer heat from the compressor discharge gas to either the retail space or process water, can produce annual gas energy savings of approximately 50% for a typical supermarket, assuming that space heating and water heating are typically supplied by gas-fired heaters. It has been noted that in order to achieve these savings, the basic heat recovery system must be effectively designed and integrated into the HVAC system using sophisticated control systems (Arias and Lundqvist 2006) . The use of heat pumps for waste heat recovery in supermarket applications has the potential to provide up to 100% of the required space heating for a typical supermarket. If it is assumed that gas-fired heaters provide space heating for a typical supermarket, then the use of heat pump heat recovery could save up to 100% in gas energy use. It has even been reported that a slight electrical energy savings can be realized by using heat pump waste heat recovery even though the heat pumps require electrical energy to operate (Baxter 2003) . Furthermore, the refrigeration system may employ a floating head pressure strategy without negatively affecting the ability of the heat pumps to recover useful waste heat from the refrigeration system. The initial cost associated with heat pump heat recovery has been reported to be anywhere from 8% to 30% more than conventional HVAC&R systems, with a payback of four to eight years.
Depending upon unit capacity, combined cooling, heating and power (CCHP) and fuel cell technology have the potential to supply up to 100% of the electrical and thermal energy needs of a typical supermarket. CCHP and fuel cells can provide supermarkets with high temperature waste heat for space heating and water heating applications. In addition, the waste heat can even be used to drive absorption refrigeration systems. While CCHP and fuel cells can provide a supermarket with a source of electrical energy during power outages or other disasters, they do require a fossil fuel source such as natural gas to operate. Due to the high initial cost of these systems, the implementation of CCHP and fuel cells has been limited. A CCHP or fuel cell system can cost anywhere from $1,000 to $4,500 per kW. The payback for such a system has been estimated to be between five to seven years, and even up to 30 years for an actual CHP system installed in a supermarket (CDH Energy Corporation 2004) . Typically, grants and tax incentives have been used to help defray the cost of utilizing these advanced heat recovery sources.
Thus, a well-designed simple heat recovery system or a heat pump based heat recovery system appears to be the most economical and energy efficient choices for a majority of supermarket applications. While CCHP or fuel cell systems are attractive from the standpoint of energy efficiency and energy independence, they are currently cost-prohibitive in most supermarket applications.
